Anaerobic respiration utilizes various compounds such as nitrate, sulfate, fumarate, etc. as terminal electron acceptors, but not oxygen (O 2 ). 1) Denitrification is a kind of anaerobic respiration in which nitrate (or nitrite) is reduced to form gaseous nitrogen compounds such as dinitrogen (N 2 ) and nitrous oxide (N 2 O). [2] [3] [4] Anaerobic respiration has long been believed to be a characteristic of prokaryotes. Following the discovery of denitrifying activity in the filamentous fungus Fusarium oxysporum, 5) such activities have been known to be widely distributed among eukaryotes, fungi and yeasts. [6] [7] [8] The striking difference between denitrification of prokaryotes and eukaryotes is the manner of the NO reduction step. In prokaryotes, this step depends on cytochrome bc and other proteins. In eukaryotes, however, a P450 enzyme plays a direct roll. This enzyme, designated P450nor, belongs to the cytochrome P450 superfamily on the basis of primary and tertiary structures. 9, 10) The enzymatic properties of P450nor are unique among P450 proteins. Generally, P450 proteins catalyze monooxygenation, which is supported by other electron transfer proteins, but P450nor accepts two electrons directly from NADH or NADPH and catalyzes the following reaction without the aid of other protein components such as a flavoprotein reductase:
Shoun et al. isolated and cloned the genes for several fungal P450nor isoforms that belong to the CYP55A subfamily. 7, 9, [11] [12] [13] [14] These are P450norA and P450norB from F. oxysporum (Fnor), 14) P450nor1 and P450nor2 from Cylindrocarpon tonkinense (Cnor1 and Cnor2), 7, 11) and P450nor from Trichosporon cutaneum (Tnor). 12) The Fnor species has been analyzed extensively both physicochemically and kinetically, and the structure has been determined by x-ray crystallography. 10 ) These P450nor isoforms are specific for electron donors NADH and NADPH. Fnor and Cnor1 are specific to NADH, 7, 11, 15) whereas Cnor2 and Tnor can utilize both. 12) In F. oxysporum, it has been reported that expression of the P450nor-encoding gene is induced in the presence of substrates as nitrate or nitrite for y To whom correspondence should be addressed. Tel: +81-75-623-2104; Fax: +81-75-623-2455; E-mail: kaya@gekkeikan.co.jp Abbreviations: P450, cytochrome P450; NO, nitric oxide; P450nor, cytochrome P450nor; Anor, a P450nor of Aspergillus oryzae; Fnor, a P450nor of Fusarium oxysporum; Cnor1 and Cnor2, P450nor1 and P450nor2 isozymes from Cylindrocarpon tonkinense; Tnor, a P450nor from Trichosporon cutaneum; GUS, -glucuronidase; glaB, glucoamylase-encoding gene; melO, tyrosinase-encoding gene denitrification in low concentrations of oxygen. 16) Aspergillus oryzae is used in the Japanese fermentation industries of sake, soy sauce, and miso manufacturing because this fungus can produce vast amounts and many kinds of hydrolytic enzymes, such as -amylases, glucoamylases, and proteases. Recently, an EST library of A. oryzae has been constructed in various culture conditions such as submerged, solid-state, nutrient, and starved cultures. Moreover, a national project of whole genome sequencing for this fungus is now in progress. Cloning of the P450nor gene from A. oryzae ought to yield a detailed understanding of fungal denitrification, because the genetic tools and information on A. oryzae are greater in filamentous fungi.
In this paper, we describe the cloning and characterization of the cytochrome P450nor gene (nicA; CYP55A5) from A. oryzae. The CYP55A5 gene was overexpressed in A. oryzae, and the recombinant cytochrome P450nor protein, Anor, was analyzed. Further, the expression profile of the CYP55A5 gene was analyzed with the reporter gene Escherichia coli uidA gene (GUS). The NO detection ability of Anor was also examined.
Materials and Methods
Strains, plasmids, and culture media. A. oryzae strain (OSI 1013) was used for molecular cloning of genes. The A. oryzae niaD mutant (AON-2), obtained from OSI 1013 by the method of Unkles et al., 17) was used throughout the transformation experiments. These strains were deposited with the International Patent Organism Depository in the National Institute of Advanced Industrial Science and Technology for FERM P-16528 and FERM P-17707 respectively. E. coli JM109 (Takara Bio, Otsu, Japan) and pUC plasmids were used for DNA manipulation.
Submerged culture was done at 30 C in 30 ml of modified Czapek-Dox medium designated the standard medium (0.3% NaNO 3 Plaque hybridization. In order to obtain a partial fragment of the CYP55A5 gene, the BD GenomeWalker Universal Kit (BD Biosciences Clontech, Tokyo, Japan) and a synthesized oligonucleotide probe (5 0 -GGACA-TTCTCGGAGGAGACGGTGAAACTCT-3 0 ) created from EST information were used according to the manual, and 2.0 kb polymerase chain reaction (PCR) products were obtained. The PCR products were labeled with fluorescent dCTP using the Gene Images labeling system (Amersham, New Jersey, U.S.A). About 3,000 plaques of lambda EMBL3 phages from the A. oryzae genomic library were transferred onto Hybond-N þ nylon membrane (Amersham) and screened with the probe.
Hybridization was done at 60 C, and detection was done with the Gene Images CDP-star detection system (Amersham).
Isolation of CYP55A5 cDNA. A. oryzae (OSI 1013) was incubated in DPY medium at 30 C for 48 h with shaking. Total RNAs were prepared from cultivated mycelia using the RNA extraction reagent, Isogen (Nippon Gene, Japan). Poly(A) þ RNAs were isolated from the total RNAs using the mRNA Purification kit (Amersham) and the BD Creator SMART cDNA Library Construction Kit (BD Biosciences Clontech). A cDNA corresponding to CYP55A5 was amplified by PCR with the above cDNA library as templates and with synthesized oligonucleotides (5 0 -ATGAATTCAGAAC-CAGTGTATCCCAGGTTT-3 0 and 5 0 -TCAATCTCTA-TCCCAAGTGACGGGAAGTCC-3 0 ) as primers.
Transformation experiments. Transformation of E. coli was done by the method of Hanahan, 18) and of A. oryzae by that of Gomi et al.
19)
Construction of plasmids. pNGT, an 8.2 kb plasmid carrying the 4.5 kb PstI-HindIII fragment of the A. oryzae niaD gene 20) and the 0.7 kb SalI-XhoI fragment of the glaB terminator 21) in pUC119 (Takara Bio) was used for the transformation of A. oryzae.
The plasmid pkPG was constructed for promoter analysis. Combined PCRs were done to construct the chimeric gene, including the CYP55A5 promoter and the uidA coding sequence. The CYP55A5 promoter (1.2 kb) and the uidA ORF (1.8 kb) were synthesized by PCRs with Pp-F and Pp-R primers and G-F and G-R primers respectively (Table 1) . After removal of the PCR primers, both PCR products were mixed and subjected to a second PCR amplification with the Pp-F and G-R primers. These PCR products were digested with SalI, and then subcloned into pNTG, yielding pkPG.
The plasmid pkMP, for production of Anor under the control of the melO promoter, 22) was constructed in the same manner, using M-F, M-R, Po-F, and Po-R primers ( Table 1 ). The second PCR products, amplified with the M-F and Po-R primers, were digested with PstI and SalI, and then subcloned into pNTG, yielding pkMP. 
The generated PstI and SalI sites are underlined. Capital letters show sequences for the cording region.
Promoter analysis. pkPG was introduced into the AON-2 strain and transformants were obtained. A transformant in which the plasmid was integrated as a single copy in the chromosome of this strain was selected by southern blot analysis and named AO-PG.
The transformant conidia (4:25 Â 10 6 /ml) were cultured in 30 ml Czapek-Dox medium at 30 C for 18 h with shaking. After germination of spores under aerobic conditions for 18 h, each mycelium was treated under aerobic or anaerobic conditions. To create anaerobic conditions, nitrogen gas was purged to the culture broth in the flask, and then the flask was packed with Ageless in an Anaero Pouch (Mitsubishi Gas Chemical, Japan). The bag was sealed and cultured at 30 C with shaking. GUS activity was measured every 24 h. The cell-free extract was prepared according to the method described by Ishida et al. 22) GUS activity was measured according to the method described by Jefferson et al.
23)
Expression and purification of Anor, P450nor of A. oryzae. AO-MP, the transformant harboring pkMP, was obtained by the same method as AO-PG. AO-MP was cultured in 500 ml of Czapek-Dox medium at 30 C for 7 d with shaking. After collection of the mycelia, a cellfree extract was prepared by disruption with sea-sand (Nacalai Tesque, Kyoto, Japan), followed by suspension with 50 mM sodium phosphate buffer (pH 7.2) containing 10% glycerol, 0.1 mM EDTA, and 0.25 mM PMFS.
All procedures were conducted on ice. After saltprecipitation with ammonium sulfate, the active fraction (supernatant) was applied to a Resource Q 6 ml column (Amersham) equilibrated with 50 mM Tris-HCl buffer (pH 7.5). Anor was eluted with a linear gradient of 0-500 mM NaCl in the same buffer. The collected fractions were mixed with the same volume of 3 M ammonium sulfate in 50 mM sodium phosphate (pH 7.2) buffer, and the precipitates formed were removed by centrifugation at 10,000 g for 10 min. The resulting supernatant was applied to a Resource PHE 6 ml column (Amersham) equilibrated with 1.5 M ammonium sulfate in the same buffer. The column was then eluted with a linear gradient in the same buffer from 1.5 M to 0 M of ammonium sulfate. Fractions containing Anor was collected and concentrated to 0.1 volume by centrifugation with a Centricon Plus-20 Centrifugal Filter Unit (Millipore, U.S.A) at 4,000 g for 40 min. The concentrated sample was loaded onto a HiLoad 26/60 Superdex 200pg column (Amersham) equilibrated with 50 mM sodium phosphate buffer (pH 7.2). Fractions containing genuine Anor were stored at À80 C in 50 mM sodium phosphate buffer (pH 7.2) containing 10% glycerol and 0.1 mM EDTA.
Kinetic analysis of recombinant P450nor. The assay was performed according to the method of Nakahara et al.
15) The P450nor content was measured according to Omura and Sato 24) using the extinction coefficient of 86.9 mM À1 cm À1 for the absorbance difference between 448 and 490 nm. 15) The K m and V max for NADH or NADPH were estimated at 110 M NO and 28.4 nM Anor. The concentration of electron donors was varied from 0.08 to 5.00 mM. The K m and maximum turnover rate for NO were estimated at 5 mM NADH and 28.4 nM Anor. The concentration of NO was varied from 12 to 484 M.
Assay of NO reduction activity. NO reduction activity was measured by monitoring the absorption decrease at 340 nm derived from NADH. The molar absorptivity of NADH is 6.22 mM À1 cm À1 at 340 nm. 3-(2-Hydroxy-1-methyl-2-nitrosohydrazino)-N-methyl-1-propanamine (NOC7) and 3-(2-Hydroxy-1-(1-methylethyl)-2-nitrosohydrazino)-1-propanamine (NOC5) were used as NO donors (Dojindo, Kumamoto, Japan). NOCs were dissolved in 0.1 M NaOH solution, because they are relatively stable in alkaline solution. An NO release can begin from the point of addition of the stock solution to the sample solution. One milliliter of enzyme solution containing 50 mM sodium phosphate buffer (pH 7.2) and NADH (about 0.16 mM) was incubated at 37 C. After injection of the NO donor solution, the absorbance decrease at 340 nm was measured by spectrophotometer (Beckman DU640, Beckman Instruments, U.S.A).
Chemical reagents and analytical kits. The following chemicals, biochemicals, and analytical kits were from the sources indicated in parentheses: NADH and NADPH (Wako Pure Chemical, Osaka, Japan); Pyrobest DNA polymerase (Takara); synthesized primers (Genset, Kyoto, Japan); DNA ligation kit version 1 and restriction enzymes (Takara); QIAquick Gel Extraction Kit (Qigaen, Germany); and Marligen Rapid PCR Purification System (Marligen Bioscience, U.S.A).
Results

Isolation of the CYP55A5 gene
We found several redundant clones homologous to CYP55A1 in an A. oryzae EST library (http://www.aist. go.jp/RIODB/ffdb/EST-DB.html). For plaque hybridization, a 2.0 kb fragment was amplified according to the methods described in ''Material and Methods''. Sequencing analysis indicated that the PCR products were a fragment of a P450nor gene of A. oryzae. To isolate the complete fragment of the gene, approximately 12,000 plaques of the lambda EMBL3 phages of the genomic library of A. oryzae strain OSI 1013 were screened by hybridization with the fragment as a probe, and then four positive clones were isolated. Sequence analysis indicated that these clones included the complete P450nor gene of A. oryzae. The cDNA of the gene was also isolated and sequenced to identify the introns and exons. In Aspergillus nidulans, the nitrate reductase and nitrite reductase were designated niaD and niiA respectively. 25) So the nitric oxide reductase gene of A. oryzae was designated nicA. On the other hand, the deduced amino acid sequence of the gene was 58.9% identical to that of CYP55A1. This gene, therefore, was also designated CYP55A5 at the P450 database HP (http:// drnelson.utmem.edu/CytochromeP450.html).
CYP55A5 has 9 exons interrupted by 8 introns. The location and length of each intron were much conserved with those of other fungal P450nor genes, 11) except for the first intron, which was specific for CYP55A5. The expression pattern had only one candidate for the start codon (Fig. 1A) , because there was a stop codon in the flanking region near the initiation codon.
The sequence alignment of the nine independent EST clones indicated that the first intron was not always spliced out. Two clones were shorter than the others and not subject to the splicing of the first intron, but the other introns were spliced. They were translated from another start codon in the first intron (Fig. 1B) .
To confirm the copy number of the P450nor gene in the chromosome and its expression in A. oryzae, Southern and Northern blot analyses were conducted using the cDNA of this gene as probes. The genomic DNA was digested with five kinds of restriction enzymes (ClaI, EcoRI, PstI, SalI, and SphI) that do not cleave the coding region of CYP55A5. The results of Southern blot analysis indicated that a single band occurred in the genomic digest with each restriction enzyme (data not shown). The results of Northern blot analysis showed a clear signal corresponding to transcripts of CYP55A5 under the submerged DPY medium culture (data not shown).
Expression profiles of CYP55A5
In the promoter region of CYP55A5 several cis elements were found. Two putative TATA-boxes were found at À21 to À26 and at À63 to À69. The consensus CCAAT-boxes reported in eukaryotic promoters 26) exist at À306 to À298 and at À190 to À182 in the promoter region of CYP55A5 (Fig. 1) . A Previous study of fungal denitrification reported that the P450nor gene was regulated by two transcription factors, NirA and Rox1. 27) NirA is positive regulator for the nitrate/ nitrite-inducible gene and Rox1 represses anoxic genes under aerobic conditions. The putative binding sequences for NirA and Rox1 were found at À204 to À197 and at À399 to À388 in the 5 0 -flanking region, respectively (Fig. 2) .
Expression profiles of CYP55A5 were analyzed with reporter assay of the GUS gene. The AO-PG transformant harboring the pkPG plasmid was cultivated under aerobic or anaerobic conditions. After germination of spores under aerobic conditions for 18 h, each mycelium was treated under aerobic or anaerobic conditions according to the methods described in ''Material and Methods''. GUS activity under anaerobic conditions was 5.2-fold higher than that under aerobic condition for 2 d. GUS activity under anaerobic conditions increased during the culture period and finally DNA sequencing was done using a BigDye-terminator kit and a Genetic Analyzer 310 (Applied Biosystems, U.S.A). The nucleotide sequences of the protein-coding region are given in capital letters, and the deduced amino acid sequence is shown below each codon. The putative promoter elements are double underlined for TATA (À69 and À26), CCAAT (À306 and À190), NirA (À204), and ROX1 (À399). Numbers start at the putative main translation initiation site of CYP55A5. The longest EST sequence of the major expression pattern (A) and that of the minor expression pattern (B) are indicated by underline and dashed line respectively. The deduced amino sequences are indicated by capital letters. reached 6.7-fold higher than under aerobic conditions (Table 2) .
Deduced amino acid sequences
The gene encodes putative 408 amino acid residues with an estimated molecular mass of 45,689. Anor is a little longer than those for Fnor or Cnor1 (403 amino acid residues), and the same length as that for Cnor2 (Fig. 3) . Anor shared about 60% homology at the amino acid level with other P450nors. The regions for the heme binding site, the electron-donor binding site, and the I- Each value (n ¼ 3) indicates GUS activity (U). Fig. 3 . Alignment of the Deduced Amino-acid Sequences of P450nors. Identical and highly conserved amino-acid residues are marked with asterisks and periods respectively. Conserved sequences around the predicted I-helix and heme-binding region are boxed. Inverted triangles indicate sites for intron insertion. A white inverted triangle indicates the intron insertion site specific for CYP55A5. A double arrow indicates the region corresponding to the B 0 helix. Emphasized characters show the critical amino acid residues which determine specificity for electron donors NADH or NADPH. Anor, A. oryzae P450nor; Fnor, F. oxysporum P450nor; Cnor1, C. tonkinense P450nor1; Cnor2, C. tonkinense P450nor2; Tnor, T. cutaneum JCM2391 P450nor.
helix are extensively conserved in comparison with those of the CYP55A family, but a typical targeting signal for transportation to mitochondria, as reported in F. oxysporum and C. tonkinense, 11) was not found in Anor. It has been reported that the B 0 helix region determines cofactor specificity.
28) The region of Anor is similar to Cnor2 and Tnor, which can utilize both NADH and NADPH.
Enhanced expression of the CYP55A5 gene Previously we reported a hyper-protein production system in submerged A. oryzae culture under melO promoter control. 22) Hence, enhanced expression of Anor under the control of the melO promoter was performed. AO-MP, the transformant harboring pkMP, was cultivated and recombinant P450nor was prepared. The enzyme was purified according to the methods described in ''Material and Methods''. Table 3 shows the process for purification of the recombinant P450nor, and Fig. 4 for SDS-PAGE. The purified enzymes appeared as a single band on SDS-PAGE with mobility giving an M r of 45,000, which was similar to those of P450nors (42,000-46,400).
12)
Enzymatic properties of recombinant P450nor
In order to determine whether the recombinant enzyme was P450nor, its enzymatic properties were analyzed. The absorption spectra of purified protein (Fig. 5) agreed with the characters of other P450nors. 12) Two peaks at 414 and 390 (weak) nm along with minor peaks at 535, 568, and 643 nm indicated that the bound heme in the resting state was in an oxidized form with a mixture of high-spin and low-spin states. The dithionitereduced form exhibited two peaks at 412 nm and 541 nm, and its carbon monoxide-ligated form yielded a spectral species with absorption peaks at 446 and 548 nm as the characteristic form of P450. When the enzyme was changed to the pyridine ferrohemochrome form, a new absorbing band appeared around 556 nm, suggesting that the enzyme includes protoheme.
P450nor catalyzes the reduction of NO to N 2 O with NADH or NADPH as an electron donor. The NO reduction is confirmed by monitoring N 2 O gas generation or the absorption decrease at 340 nm derived from NAD(P)H. The purified protein showed both reactions (data not shown).
Kinetic analysis of recombinant P450nor was performed according to the methods described in ''Material and Methods''. Anor utilized both NADH and NADPH as electron donors, but NADH was preferred to NADPH. The K m for NADH and NADPH were estimated to be 0.801 mM and 0.934 mM respectively. The values of K m for NADH and NADPH were almost the same, but that of V max for NADH (352 M NO/min) was 1.8-fold higher than that for NADPH (192 M NO/min). The initial rate of NO reduction was determined at various enzyme concentrations. The K m and maximum turnover rate for NO were estimated at a saturated level of NADH concentration (5 mM), as 0.197 mM and 10,000 min À1 respectively. NO reduction activity was performed according to the methods described in ''Materials and Methods''. After injection of NOC7 (final 125 M), the reducing rate of absorbance at 340 nm for the initial 5 min was measured. The NO reduction rate was calculated by the slope obtained by monitoring for NADH reduction. One unit was defined as the amount of protein that can reduce 1 mol NO per min. 
Measurement of NO amounts with A. oryzae P450nor
In order to determine whether NO can be measured with Anor, a measurement of the amount of NO generated from NOC5 in 5 min was tested. NO reduction activity was measured by monitoring the absorption decrease at 340 nm derived from NADH. Because P450nor receives two electrons directly from one NAD(P)H molecule to reduce two NO molecules, the NAD(P)H concentration used was spectrophotometrically determined using the molar absorptivity of NAD(P)H. Figure 6 shows the amount of NO generated from NOC5 at concentrations from 10 to 500 M. The amount of NO generated was proportional to the quantity of NO generating agent in this concentration range. These results indicated that NO amounts can be measured with Anor by spectrophotometry. Spectrophotometric measurements were done with a Shimadzu UV2100 spectrophotometer. All spectra were measured in 50 mM sodium phosphate buffer (pH 7.2) at room temperature. Solid line, resting (oxidized); dotted line, dithionite-reduced; dashed line, dithionitereduced + CO. Inset, the spectra of pyridine ferrohemochromegen. The amount of NO was converted from a decrease in the absorption at 340 nm. One milliliter of enzyme solution containing 50 mM sodium phosphate buffer (pH 7.2), NADH (about 0.16 mM), and 18 nM P450nor was incubated at 37 C. After injection of NOC5 (final 10-500 M), the absorbance decrease at 340 nm was measured. The reduced NO amount calculated from the decrease in absorption at 340 nm is plotted on the Yaxis.
Discussion
We cloned and characterized the cytochrome P450nor gene encoding nitric oxide reductase from A. oryzae. From the EST library of A. oryzae, several redundant clones homologous to CYP55A1, the P450nor gene of F. oxysporum, were isolated, and the genomic clone for the P450nor of this fungus was isolated. The P450nor gene of A. oryzae was designated nicA. This gene has another name, CYP55A5, because it was the fifth gene in P450nor family.
Blotting analysis indicated that the P450nor gene exists as a single copy on the A. oryzae chromosome and expresses in A. oryzae (data not shown). Reporter analysis indicated that the gene expression of CYP55A5 was much more enhanced under anaerobic conditions than under aerobic ones ( Table 2 ). The 5 0 -flanking region of CYP55A5 contains the putative binding sequences for NirA and Rox1, which were observed in CYP55A1, CYP55A2, and CYP55A3 (Fig. 2) . 27) CYP55A5 is perhaps regulated in the same manner by a combination of NirA-and Rox1-like transcription factors.
In order to analyze enzymatic properties, CYP55A5 was expressed in A. oryzae and recombinant P450nor was produced in large quantities. The absorption spectra of the purified protein indicated that the enzyme is a P450 enzyme and that the type of heme is protoheme (Fig. 5) . Additionally, the purified enzyme catalyzed the reaction of NO to N 2 O with NAD(P)H as an electron donor. These results indicated that we cloned the P450nor gene encoding functional nitric oxide reductase from A. oryzae.
It is thought that denitrification activity is widely distributed among eukaryotes. The findings in this paper indicate that functional P450nor is expressed under anaerobic conditions rather than aerobic once in A. oryzae. Anor is perhaps related to the denitrification of this fungus. The information that A. oryzae has P450nor should help towards a more detailed understanding of fungal denitrification.
Among the P450nor genes, CYP55A1, CYP55A2, and CYP55A3, the primary structures showed high similarity, and their locations and numbers of introns were extremely conserved. 11) F. oxysporum has two isozymes of P450nor encoded by a gene (CYP55A1). These are translated from different initiation codons and sorted to different organelles, one for mitochondria and the other for cytosol. 14) By contrast, two isoforms of C. tonkinense, Cnor1 and Cnor2, are encoded by different genes. Only Cnor1 contains a targeting-like presequence. 11) In this study, two kinds of P450nor mRNA were found in the EST library of A. oryzae. But Southern blot analysis indicated that the P450nor gene exists as a single copy in the A. oryzae chromosome, and two transcription start sites might exist in the promoter region of CYP55A5. These results suggest the possibility that this gene has two expression patterns, like CYP55A1. The fact that A. oryzae has two kinds of transcripts for P450nor might have important implications for the regulation of expression or localization. On the other hand, the P450nor gene is considered to have been transmitted from the prokaryote to the eukaryote by horizontal transfer.
11) CYP55A5 had an extra intron ( Fig. 1 ) and differed from other P450nor genes in structure. Our results might help towards new knowledge of P450nor gene molecule evolution.
Total homology at the amino acid level was 58.9% between the P450nors of A. oryzae and F. oxysporum, but the regions essential for P450 enzymes were strictly conserved. There are two types of P450nor enzyme as to specificity against the electron donor. 11, 12) The first is the NADH type, such as Fnor and Cnor1, that reduce nitric oxide employing only NADH. The second is the NAD(P)H type, such as Cnor2 and Tnor, that can utilize both NADH and NADPH. As indicated in the results, the amino acid sequence of the B 0 helix region of Anor is similar to the NAD(P)H type, and Anor can use NADH and NADPH as electron donors. The kinetics parameter against both electron donors indicated that their K m values were almost the same, but the reaction rate for NADH was 1.8-fold higher than that for NADPH.
In Fnor, an appropriate configuration for electron transfer is blocked by steric hindrance, mainly by Ser75 in the B 0 helix against the 2 0 -phosphate moiety. 28) Gly77 in Anor corresponded to Ser75 in Fnor (Fig. 3) . The G77S mutation for Anor resulted in loss of the ability to employ NADPH as an electron donor (data not shown). Crystal structure analysis is now in progress due to success in mass production of Anor. The crystal structure of Anor with different reaction singularity from Fnor will become clearer in the reaction mechanism of the P450nor enzyme.
Nitric oxide (NO) has recently attracted much attention because of its importance in physiological signaling within the living body. NO has also been found to be related to various intravital reactions and to certain diseases. There are many methods for NO research to measure, detect, and scavenge. Although 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) and diaminofluorescein (DAF) derivatives are used for these applications, after the reaction with NO, they are transformed to another compounds which do not react with NO. Experimentation using carboxy-PTIO for NO scavenging in endotoxin-shocked rats indicated that large amounts of the scavenger, as for instance continuous intravenous infusion for 1 h, was required for therapeutic effects in rats. 29) On the other hand, Anor is a reusable catalyst so it's able to reduce NO directly employing NADH or NADPH more than once. If Anor is used as an NO scavenging agent in vivo, it is expected that NO reduction repeatedly occurs using NAD(P)H in the living body. Hence the amount of medication can perhaps be dramatically lessened compared with existing NO scavenging agents. We are considering the question of medical treatment for NO excessive disease using Anor. Further studies of Anor on reactivity and stability in vivo are underway.
We succeeded in large-quantity production of Anor in A. oryzae. The recombinant enzyme should contribute to measurement or scavenging of NO. In this study, we showed an application for measuring the amount of NO generated from NOC5 using Anor. These results are our first report on enzymatic measurement for NO with a spectrophotometer. We are continuing the development of Anor application for NO research.
